The thyX gene for thymidylate synthase of the Lyme borreliosis (LB) agent Borrelia burgdorferi is located in a 54-kb linear plasmid. In the present study, we identified an orthologous thymidylate synthase gene in the relapsing fever (RF) agent Borrelia hermsii, located it in a 180-kb linear plasmid, and demonstrated its expression. The functions of the B. hermsii and B. burgdorferi thyX gene products were evaluated both in vivo, by complementation of a thymidylate synthase-deficient Escherichia coli mutant, and in vitro, by testing their activities after purification. The B. hermsii thyX gene complemented the thyA mutation in E. coli, and purified B. hermsii ThyX protein catalyzed the conversion of dTMP from dUMP. In contrast, the B. burgdorferi ThyX protein had only weakly detectable activity in vitro, and the B. burgdorferi thyX gene did not provide complementation in vivo. The lack of activity of B. burgdorferi's ThyX protein was associated with the substitution of a cysteine for a highly conserved arginine at position 91. The B. hermsii thyX locus was further distinguished by the downstream presence in the plasmid of orthologues of nrdI, nrdE, and nrdF, which encode the subunits of ribonucleoside diphosphate reductase and which are not present in the LB agents B. burgdorferi and Borrelia garinii. Phylogenetic analysis suggested that the nrdIEF cluster of B. hermsii was acquired by horizontal gene transfer. These findings indicate that Borrelia spp. causing RF have a greater capability for de novo pyrimidine synthesis than those causing LB, thus providing a basis for some of the biological differences between the two groups of pathogens.
Spirochetes are a coherent group of bacteria with a unique morphology and cell structure (38) . The point of divergence of spirochetes from other bacterial groups was deep in time, and the topology of spirochetes' branching from other phyla, such as proteobacteria and cyanobacteria, remains unresolved. Phylogenetic inference has been advanced with the availability of genome sequences of pathogenic spirochete species from the following three genera: Borrelia, including Borrelia burgdorferi (13, 19) and B. garinii (23) , two agents of Lyme borreliosis (LB); Treponema, including Treponema pallidum (20) , the agent of syphilis, and Treponema denticola (51) , a mouth organism associated with periodontal disease; and two serovars of Leptospira interrogans (36, 44) . Leptospires have free-living capacity and, not surprisingly, larger chromosomes, at ϳ4.5 Mb, than the ϳ1-Mb chromosomes of the obligately parasitic organisms T. pallidum (20) and B. burgdorferi (18) . But the leptospires' branching from the common ancestor of Treponema and Borrelia appears to be nearly as ancient as the spirochetes' origin itself, and for the most part, leptospire sequences have been of limited use for further defining evolution within the spirochete clade.
The several Borrelia species can be divided into two major groups on the basis of DNA sequence and biological differences (2) . One group includes all the agents of LB, such as B. burgdorferi and B. garinii, as well as related species of uncertain pathogenicity for humans. The second monophyletic group comprises several species that cause relapsing fever (RF), such as B. hermsii and B. turicatae, as well as some other species, such as B. miyamotoi. Lyme borreliosis is an illness with a more protracted course and a generally milder character than those experienced during relapsing fever (4) . This clinical difference may be attributable in part to the much lower peak densities in the blood that are achieved by LB spirochetes than RF spirochetes (39, 47, 52) . While RF spirochetes can be found in abundant numbers in blood smears from febrile patients or experimentally infected animals, LB agents in the blood are detectable only by culture or PCR assay (10) . As suggested by Schwan et al. (49) , these differences in the carrying capacities of the two types of Borrelia in the blood may be the consequence of differences in metabolic capacities of LB and RF agents.
The characteristics of the spirochetes in their vectors also may differentially correlate with the metabolic capabilities of RF and LB species (49) . The tick vectors of RF are soft ticks whose feeding times on a host are measured in minutes rather than the days typical of the hard tick vectors of LB. As expected for this limited period for achieving transmission, RF spirochetes are already positioned in the tick's salivary glands at attachment, and they soon enter the host through the tick's saliva as it feeds. In unfed hard ticks, B. burgdorferi is mainly inside the midgut and does not migrate to the salivary glands until a day or two after being exposed to blood during feeding (7, 46) . There is thus more time for Borrelia spp. causing LB to adjust to the vertebrate environment before they actually enter the host (50) .
The genomes of Borrelia spp. are distinguished from those of other spirochetes and most other bacteria by having linear chromosomes and linear as well as circular plasmids (18, 41) . Approximately 40% of the B. burgdorferi genome is carried on plasmids (13, 19) . The linear plasmids vary in size from 5 to 180 kb and have covalently closed hairpins for telomeres (5, 12) . Borrelia organisms maintain on their plasmids the genes for most of the major lipoprotein surface antigens, but the plasmids also carry some metabolism genes, such as guaA and guaB, which are part of the purine biosynthetic pathway (32) . The purine biosynthetic genes purA and purB are on the chromosomes of B. hermsii and other RF species, but their absence from LB species and their nucleotide sequences suggest that they were acquired through horizontal gene transfer (6) .
What genes there are for de novo pyrimidine synthesis in B. burgdorferi and B. garinii are located on the chromosomes of these LB agents (19, 23 ). An exception is an orthologue of thyX, which is located near the telomere of a 54-kb linear plasmid of B. burgdorferi (19) . For B. garinii, a thyX orthologue was not included in the annotation of the genome (23) , but an examination of position 55200 to the end of the sequence at position 55560 of a 56-kb linear plasmid (accession number NC_006129) reveals an open reading frame encoding a 119-amino-acid polypeptide with 86% sequence identity with the N-terminal half of the B. burgdorferi thyX gene product. In other species of organisms, the thyX product, ThyX, is thymidylate synthase X (EC 2.1.1.148), which catalyzes the methylation of dUMP to yield the DNA precursor dTMP. Sequences homologous to thyX have been found in several groups of bacteria, including cyanobacteria, actinobacteria, and epsilonproteobacteria such as Helicobacter pylori, but they are also present in some double-stranded DNA viruses of bacteria and at least one eukaryote, the slime mold Dictyostelium discoides (30, 35) . Other groups of bacteria, including gamma-proteobacteria such as Escherichia coli and firmicutes such as Bacillus subtilis, usually have instead a thyA gene, which encodes thymidylate synthase A (ThyA; EC 2.1.1.45) and is not homologous to thyX (11, 30) . ThyX proteins are homotetrameric and flavin adenine dinucleotide (FAD) dependent, while ThyA proteins are homodimeric and FAD independent in their catalysis (33, 35) .
Using B. hermsii genomic DNA as a hybridization probe of a B. burgdorferi DNA array, we had previously found evidence that B. hermsii has a thyX gene (54) . This finding prompted our further study of the RF species B. hermsii, first to confirm the presence of a thyX orthologue in this species and then, if present, to characterize it for further insight into thyX origins in spirochetes and to investigate the function of the thyX gene product. In the course of the study, we identified in B. hermsii other pyrimidine biosynthesis genes that were not present in LB species genomes.
MATERIALS AND METHODS
Bacterial strains. B. burgdorferi B31 (ATCC 35210) was grown at 34°C in tightly capped tubes of Barbour-Stoenner-Kelly broth medium (BSK) (3). B. hermsii HS1 (45) was grown in either BSK or Dulbecco's modified Eagle's medium (Invitrogen, San Diego, Calif.) supplemented with 4% fraction V of bovine serum albumin (US Biochemical Corp., Cleveland, Ohio), 1.1% gelatin, and 1.5 mM N-acetylglucosamine (SDMEM). Spirochetes were counted with a Petroff-Hauser chamber by phase-contrast microscopy, and cultivated cells were harvested by centrifugation at 2,000 ϫ g for 20 min at 20°C. For some experiments, B. hermsii cells were recovered from citrated blood of infected CB17 scid mice by centrifugation of the citrated blood at 100 ϫ g for 5 min as described previously (40) . E. coli K-12 strain 2913 (⌬thyA572 recA56 srlA::Tn10) (14) , which was provided by D. V. Santi of the University of California at San Francisco, was grown at 37°C in M9 minimal medium supplemented with 0.1 mM CaCl 2 , 2 mM MgSO 4 , 0.2% Difco Casamino Acids, and 50 g/ml thymidine. E. coli strains TOP10 (Invitrogen) and SURE (Stratagene, La Jolla, Calif.) were grown at 37°C in Luria-Bertani medium, with or without 100 g/ml carbenicillin.
Extraction and labeling of DNA. Plasmid DNA was isolated from E. coli with a High Pure plasmid isolation kit (Roche Diagnostics, Mannheim, Germany), and total DNAs were isolated from B. hermsii and B. burgdorferi with a DNeasy tissue kit (QIAGEN Science, Valencia, Calif.). DNAs were labeled with [␣-32 P]dATP (Perkin-Elmer, Boston, Mass.) by random priming using the Megaprime DNA labeling system (Amersham Biosciences, Piscataway, N.J.), as described previously (54) .
Recombinant B. hermsii genomic library and screening. A genomic library in the plasmid pUC18 with inserts of 4 to 8 kb of B. hermsii strain HS1 DNA was described previously and was stored frozen in 50% glycerol in Luria-Bertani broth at Ϫ20°C in 384-well microtiter plates (42) . Colony hybridization with labeled DNA probes was carried out as described previously (54) .
PCRs. PCRs were carried out in Roche PCR buffer with 1.5 mM MgCl 2 , a 0.2 mM concentration of each deoxynucleoside triphosphate, 3 units Taq polymerase (Roche Diagnostics), and 0.1 M (each) of forward and reverse primers. The forward and reverse primers for amplification were as follows: 5Ј-GTACGGAT CCTATGCACGATCATGTAAAGGC-3Ј and 5Ј-GCTGCTGCAGTTATAAA TTAAGTTTTTCTTTTAACCT-3Ј for B. hermsii thyX; 5Ј-GTACGGATCCTT TGAATAAAGAATATAAAATTTTG-3Ј and 5Ј-GCACCTGCAGTACTAAT ACACACTTACAAT-3Ј for B. burgdorferi thyX (accession number AE000790); 5Ј-GACGCATATGATGAAACAGTATTTAGAACT-3Ј and 5Ј-GACGCATA TGTTAGATAGCCACCGGCGCTT-3Ј for E. coli K-12 thyA (U00096); 5Ј-GT TGATTTCATCTGTAAGTTGCTCAATT-3Ј and 5Ј-ACTTGCTGTTCAATC TGGTAATGG-3Ј for B. hermsii flaB; 5Ј-AGCTAAGAGTAATGATGGCAA T-3Ј and 5Ј-ATTTATCACCTTTAGCCATTCT-3Ј for the 28-kb linear plasmid lp7E of B. hermsii (Z11876); and 5Ј-CAGATGGTCTTACTGCTGAAGC-3Ј and 5Ј-CAGCAACAACCTTTTCCTTTAG-3Ј for the 53-kb linear plasmid lp53 of B. hermsii (L24911). The PCR conditions were as follows: 1 cycle of 95°C for 4 min; 40 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for 1 min; and 1 cycle of 72°C for 7 min. For use as probes, the PCR products were labeled with [␣-32 P]dATP by the random priming method (Amersham Biosciences). For cloning of the fragments, the PCR products were ligated into the TOPO TA cloning vector, and the products were transformed into E. coli TOP10 cells (Invitrogen).
Pulsed-field gel electrophoresis and Southern blot hybridization. Unsheared genomic DNAs were prepared in agarose plugs as described previously (18) . In brief, 10 9 B. burgdorferi cells from a culture or 10 9 B. hermsii cells freshly harvested from mouse plasma were embedded in 80 l 1% (wt/vol) SeaPlaque low-melting-temperature agarose (BioWhittaker Molecular Applications, Rockland, Maine). The agarose plugs were incubated for 24 h in 150 mM NaCl-50 mM Tris-HCl (pH 8.0) buffer with 1% sodium dodecyl sulfate and 1 mg/ml proteinase K at 50°C and then were washed with 10 mM Tris-HCl-1 mM EDTA (pH 8.0) buffer three times for 30 min each at 20°C. Electrophoresis in 1% GenePure LE agarose (ISC BioExpress, Kaysville, Utah) in a CHEF Mapper apparatus (Bio-Rad, Hercules, Calif.) was carried out in 45 mM Tris-45 mM borate-1 mM EDTA (pH 8.3) buffer at 4°C at 6 V/cm, with a pulsed-field angle of 120°and switch times that were linearly ramped between 0.35 and 89 s over 18 h; the gels were stained with ethidium bromide. Southern blot analysis was carried out as described previously (54) .
DNA sequencing and analysis. Sequence analysis over both strands was carried out by using custom oligonucleotides and a CEQ 8000 automated DNA sequencer (Beckman Coulter, Fullerton, CA) as described previously (54) . Nucleotide and protein databases were searched with the BLASTX, BLASTP, and TBLASTX algorithms (31) . A sequence of 13,218 bp containing the thyX, nrdI, nrdE, and nrdF genes, as well as their flanking regions, of B. hermsii strain HS1 was obtained. For phylogenetic reconstruction, the homologous thyX, nrdE, and nrdF sequences of representative bacteria, viruses, or eukaryotes for which genome sequences were available, as well as selected organisms without full genome sequences, were obtained. The accession numbers of the sequences are given in the figure legends. Amino acid sequences were aligned using Clustal X, version 1.83, and this alignment (http://spiro.mmg.uci.edu/data) was the basis for a codon-based, gapped nucleotide alignment produced with CodonAlign, version 2.0 (http://www.sinauer.com/hall/index.php). Alignments of concatenated sequences were then edited manually with MacClade, version 4.06 (Sinauer Associates). To minimize effects of base composition bias across taxa, the third positions were excluded, and the evolutionary model of Galtier and Gouy was applied (21) using PHYLO_WIN phylogenetic analysis software (http://pbil.univ -lyon1.fr/software/phylowin.html). Positions with gaps were ignored. Phylograms showing nodes with bootstrap support values under distance (neighbor-joining) and maximum likelihood criteria were constructed.
Quantitative reverse transcriptase PCR. B. hermsii cells in logarithmic growth phase were harvested and resuspended at a density of 3 ϫ 10 6 cells per ml of BSK or 1.0 ϫ 10 7 cells per ml of SDMEM. In the case of SDMEM, the cells were washed twice in SDMEM to minimize carryover of BSK components. The cell suspensions were incubated at 37°C for 20 h and then harvested as described above. Total RNA was immediately extracted from the pellets, using TriReagent (Molecular Research Center, Cincinnati, OH). The RNAs were treated twice with 2 units of RNase-free DNase I (Ambion, Austin, TX) at 37°C for 30 min and then reverse transcribed with random hexamers and a Transcriptor First Strand cDNA synthesis kit (Roche Diagnostics). Reactions with 200 ng substrate RNA were carried out in a 20-l volume containing 50 mM Tris (pH 8.5)-30 mM KCl-8 mM MgCl 2 with a 1 mM concentration of each deoxynucleotide, 20 units RNase inhibitor, 60 M random hexamers, and 10 units reverse transcriptase at 25°C for 10 min, followed by 50°C for 1 h. As a measure of DNA contamination in each sample, the reverse transcriptase was omitted in matched reactions. Real-time quantitative PCRs with the cDNA or plasmid DNA samples were carried out using a Rotor-Gene RG-3000 apparatus (Corbett Research, San Francisco, CA). TaqMan minor-groove binding probes were obtained from Applied Biosystems, Foster City, CA. The VIC-labeled probe, forward primer, and reverse primer for the B. hermsii thyX gene were 5Ј-TCATGTTAAAGCTCC-3Ј, 5Ј-CTGGTCTTATTGACTATTTGATTCGAA-3Ј, and 5Ј-CATCCATTGCCT TGCAACAA-3Ј, respectively. The forward and reverse primers for the flaB gene of B. hermsii were those described above; the 6-carboxyfluorescein (FAM)-labeled probe for flaB was 5Ј-AACCTCTGTCTGCATC-3Ј. PCRs were carried out in triplicate in 25-l volumes with quantitative PCR Master Mix Plus containing HotGoldStar DNA polymerase (Eurogentec, San Diego, CA) and a 0.2 M concentration of each primer and probe. The PCR conditions were as follows: 94°C for 10 min and then 50 cycles of 15 s at 94°C followed by 1 min at 58°C. There were four replicates of each growth condition, and from each tube three cDNA reactions were carried out. The PCR results for the three cDNA samples were then averaged to yield a single value for each of the replicates. In a preliminary study, both PCR assays were negative with B. burgdorferi RNA.
Complementation assay. The full-length coding sequences of the thyX genes of B. hermsii and B. burgdorferi were amplified by PCR as described above and ligated between the PstI and BamHI sites of pUC18. The thyA gene of E. coli K-12 was similarly amplified and ligated into pUC18 at the NdeI site. A plasmid with the Lactobacillus casei thyA gene cloned into the PstI and BamHI sites of pUC18 was provided by D. V. Santi of the University of California, San Francisco (14) . The different plasmid constructs were then transformed into the thyA mutant strain 2913 and plated on Luria-Bertani agar medium with 50 g/ml carbenicillin and 50 g/ml thymidine (Sigma, St. Louis, MO) (35) . The different transformants were grown overnight in M9 minimal medium with 50 g/ml thymidine and 50 g/ml carbenicillin and then washed three times with unsupplemented M9 minimal medium before inoculation at a final concentration of 5 ϫ 10 6 cells per ml into M9 minimal medium with carbenicillin alone. Cultures were incubated in duplicate at 37°C on a rotating shaker set at 250 rpm, and cell growth was measured spectrophotometrically by changes in transmittance, as measured by the optical density at 600 nm.
In vitro thymidylate synthase assay. Full-length thyX genes were amplified by PCR, using the conditions described above and the following forward and reverse primers: 5Ј-CGGGATCCATGCACGATCATGTAAAG-3Ј and 5Ј-AACT GCAGTTATAAATTAAGTTTTTC-3Ј for B. hermsii and 5Ј-CGGGATCCAT GAATAAAGAATATAA-3Ј and 5Ј-GGGGTACCTCAATCAATTCCTAGCT T-3Ј for B. burgdorferi. The products were ligated between the BamHI and KpnI sites for B. burgdorferi thyX and the BamHI and PstI sites for B. hermsii thyX in the His tag-encoding plasmid vector pQE80L (QIAGEN Science) and transformed into E. coli SURE competent cells. The transformants were grown in Luria-Bertani medium at 37°C, and recombinant protein expression was induced when the culture reached an optical density at 600 nm of 0.4 by the addition of isopropyl-␤-D-thiogalactopyranoside to a final concentration of 1 mM. After another 2 h of cultivation, the cells were harvested by centrifugation at 4,300 ϫ g for 20 min at 4°C. His-tagged proteins were purified by Ni-nitrilotriacetic acid affinity chromatography (QIAGEN Science) as described previously (35) . The thymidylate synthase activity of the recombinant proteins was measured by using tritiated dUMP as the substrate, as described by Leduc et al. (29) . The reaction was performed at 37°C for 30 min in a total volume of 50 l of 50 mM HEPES (pH 7.5)-10 mM MgCl 2 -10% glycerol-0.5 mM methylenetetrahydrofolate (CH 2 H 4 folate; Merck Eprova, Switzerland)-1.5 mM FAD-1.2 mM ␤-NADPH-0.6 mM ␤-NADH-20 M dUMP (Sigma). The amounts of His-tagged ThyX proteins in the reaction were 1.3 g for B. hermsii and 3 g for B. burgdorferi, and the specific activities of [5- 3 H]dUMP (Moravek Biochemicals, Brea, CA) were 0.15 Ci/mmol for B. hermsii ThyX and 0.3 Ci/mmol for B. burgdorferi ThyX. Reactions were terminated by the addition of activated charcoal at 10% (wt/vol) and 2% trichloroacetic acid. Released 3 H ions in the supernatant were measured by scintillation counting as previously described (29) .
Nucleotide sequence accession number. The sequence of 13,218 bp containing the thyX, nrdI, nrdE, and nrdF genes, as well as their flanking regions, of B. hermsii strain HS1 was assigned GenBank accession number AY623744.
RESULTS

B. hermsii thyX locus and adjacent genes.
We amplified by PCR the B. burgdorferi thyX gene from total DNA and used it in turn to probe a genomic library of B. hermsii. Three hybridizing clones were isolated, and their inserts were sequenced. The overlapping fragments comprised a single sequence of 13,218 bp with 11 open reading frames (ORFs) of at least 300 nucleotides on the two strands, as well as incomplete ORFs at each end of the 13.2-kb fragment. A physical map of the B. hermsii sequence along with selected regions of the 54-kb linear plasmid of B. burgdorferi (19) is shown in Fig. 1 . The overall GC content of the combined sequence was 32%; there were no direct or inverted repeats of 10 or more nucleotides.
Possible functions were provisionally assigned to 4 of the 11 ORFs of B. hermsii, namely, thyX, nrdI, nrdE, and nrdF, on the basis of sequence identity and similarity. They are located on the same strand and in the middle of the fragment (Fig. 1) . At the left end of the fragment (not shown) is a partial ORF that is similar to the portal protein genes of bacteriophages of firmicutes and Fusobacterium nucleatum (protein family 05133 [http://www.sanger.ac.uk/Software/Pfam/]). Upstream of thyX, on the opposite strand, are three ORFs with 36 to 41% pairwise amino acid identities with each other and with 31 to 33% identities with the "S2" proteins of LB Borrelia spp. (17) . Genes for S2 in B. burgdorferi B31 are located on the lp54 plasmid, the same plasmid bearing thyX in the opposite orientation, but in B. burgdorferi, thyX and the S2 gene are ϳ50 kb apart. The S2-like genes of LB Borrelia spp. were assigned to paralogous family number 44 (13) .
The thyX orthologue of B. hermsii is 75% identical in nucleotide sequence to that of B. burgdorferi. The GC contents of the two genes are 32 to 34%, which is similar to the overall GC content of B. burgdorferi (13, 19) . In contrast to the thyX gene At the right end of the fragment and following the nrdF gene on the same strand are three complete ORFs and one partial ORF. The three complete ORFs have ϳ30% pairwise identity with each other over their aligned lengths, with BLASTP E values of Ͻ10 Ϫ7 , but they are unlike any other protein in the database (E value, Ͼ0.1). The partial ORF at the end also appears to be homologous to this family of hypothetical proteins (E value, Ͻ10 Ϫ4 ). Location of B. hermsii thyX gene. To identify the location of the B. hermsii thyX gene, we separated the linear chromosome and several linear and circular plasmids by pulsed-field gel electrophoresis and carried out Southern blot analysis. The chromosome and plasmids of B. burgdorferi were also included in the gel. The left panel of Fig. 2 shows the ethidium bromidestained gel. There were major bands of approximately 920, 180, 53, and 30 kb, as expected, for B. hermsii and 920, 54, 32, and 28 kb for B. burgdorferi (18) . The blot of this gel was sequentially probed first with the labeled, PCR-amplified thyX gene of B. hermsii and then with similarly prepared probes for a 28-kb linear plasmid and the 53-kb linear plasmid of B. hermsii. The thyX probe bound to the 180-kb plasmid of B. hermsii and, by cross-hybridization, to the 54-kb plasmid of B. burgdorferi. The two other probes that were subsequently hybridized with the blot bound as expected to the 28-kb and 53-kb plasmids in the gel.
Phylogenetic analyses. We compared the thyX, nrdE, and nrdF sequences of B. hermsii with a selection of corresponding orthologues from other organisms that represented the diversity of these genes. The nucleotide sequences were aligned on a codon basis with the corresponding B. hermsii sequences. The nrdE and nrdF sequences are tandemly arrayed in all the selected organisms used for the comparison, and accordingly, the aligned sequences of these genes were concatenated for the analysis. To adjust for differences in base composition across the taxa, we excluded the third position of each aligned codon and used the algorithm of Galtier and Gouy (21) . Figure 3 shows a phylogram of the thyX genes. Although the thyA gene, much studied in the gamma-proteobacterium E. coli and the firmicute B. subtilis, is considered the usual thymidylate synthase gene among bacteria, the cumulative bacterial genomes sequenced to date indicate that the thyX gene is at least as widely distributed as thyA among bacterial phyla. The figure shows that the B. hermsii and B. burgdorferi genes are monophyletic. There is moderate support for a node with two other spirochetes, T. pallidum and T. denticola, besides the two Borrelia species, and for a deeper node encompassing the spirochetes, some alpha-proteobacteria, Dictyostelium discoideum, and the thermophilic bacterium Thermus thermophilus. The borrelial genes are distant from the thyX genes of the epsilon-proteobacteria H. pylori and Campylobacter jejuni as well as those of some clostridia and the actinobacterium Corynebacterium glutamicum.
In contrast to the thyX genes of B. hermsii and B. burgdorferi, the nrdEF genes of B. hermsii clustered with nrdEF genes of the firmicutes Staphylococcus and Bacillus and some of their viruses (Fig. 4) . The same clustering was noted in phylograms of nrdE and nrdF genes examined separately (data not shown). The arthropod-borne Ehrlichia, Rickettsia, and Wolbachia species whose genomes have been sequenced to date do not have nrdEF orthologues. Agrobacterium tumefaciens and Bartonella henselae, the alpha-proteobacteria known to have nrdEF genes, are represented in a more distant lineage which is shared with gamma-proteobacteria and actinobacteria.
Expression of B. hermsii thyX gene. Expression of the B. hermsii thyX gene was examined under the following two in vitro conditions: complete BSK medium, which includes supplemental pyrimidines and purines as well as rabbit serum (3), and SDMEM, which contained bovine serum albumin, gelatin, and N-acetylglucosamine but not serum and was based on Dulbecco's modified Eagle's medium, which lacks purines or pyrimidines. The lack of purines in SDMEM was confirmed by the inability of an E. coli purA mutant strain, H1238 (purA54 thr fhuA argF relA spoT argI), to grow in the medium (data not shown). Transcription of thyX and the constitutively expressed flaB gene was measured with probe-based real-time PCR of cDNAs produced with random hexamers; copy numbers were estimated from a standard curve produced with cloned thyX and flaB genes of B. hermsii. BSK medium supported a threefold increase in cell density over 20 h. There was no detectable growth of the spirochetes in SDMEM, and both suspensions were harvested at cell densities of 10 7 per ml. In the absence of reverse transcriptase, there was no detectable PCR product when thyX and flaB primers and probes were used, but there were products with both reactions when reverse transcriptase was added. By quantitative PCR, the mean (95% confidence intervals) ratio of thyX to flaB cDNA was 0.020 (0.017 to 0.024) in SDMEM and 0.022 (0.019 to 0.025) in BSK medium (P ϭ 0.4 by a two-tailed t test). The experiment showed that thyX was transcribed under two different in vitro conditions, but in smaller amounts than the constitutively expressed flaB gene (9, 37) .
Complementation of thyA mutation. A thyA mutant of E. coli was transformed with expression plasmids encoding the thyX gene of B. hermsii or B. burgdorferi and, as positive controls, the thyA genes of E. coli and L. casei. E. coli transformed with the plasmid vector without an insert served as the negative control. The thyA mutant host had previously been used to demonstrate complementation by the thyX gene of H. pylori (35) . In a preliminary study, expression of the recombinant ThyX protein was detectable and measurable by Coomassie blue staining of sodium dodecyl sulfate-polyacrylamide gels and was similar in quantity for E. coli transformants with either the B. hermsii or B. burgdorferi thyX gene (data not shown).
All transformants were grown in minimal medium with or without thymidine, and then their growth was monitored by a spectrophotometer. Figure 5 shows the growth of the different isolates under nonselective and selective conditions. In the presence of supplemental thymidine, all isolates grew at approximately the same rate. In the absence of thymidine, E. coli cells with the B. burgdorferi thyX gene, like E. coli with the plasmid vector alone, did not detectably grow under either aerobic (Fig. 5) or anaerobic conditions (data not shown). In contrast, E. coli cells with the B. hermsii thyX gene grew in the absence of thymidine, albeit with a longer generation time (ϳ10 h) than cells bearing the thyA gene of either E. coli or L. casei, which had generation times of ϳ2 h. By 50 h of incubation of the broth cultures, the average cell density of B. hermsii 
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BORRELIA PYRIMIDINE BIOSYNTHESIS GENES 913 thyX-expressing cells was 86% as high as the densities of L. casei thyA-and E. coli thyA-expressing cells (Fig. 5) . Thymidylate synthase activity. The failure of the B. burgdorferi thyX gene to complement the thyA mutation in E. coli was further investigated by purifying the recombinant gene products and subjecting the proteins to an assay for thymidylate synthase activity (35) . The amount of protein expression in E. coli SURE cells and the purification yields of the ThyX proteins of B. hermsii and B. burgdorferi were comparable, as assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (data not shown). The assay's end point was the amount of free 3 H ions in the supernatant after precipitation of dUMP and dTMP with trichloroacetic acid. The results are shown in Fig. 6 . The B. hermsii thyX gene product had thymidylate synthase activity as high as 2.51 pmol 3 H ϩ /g/min, and its activity remained linear for at least 20 min. This specific activity was approximately twofold higher than that achieved with purified ThyX of H. pylori in the same assay (35) . In contrast, the in vitro activity of the B. burgdorferi protein was barely detectable above the background (Fig. 6) .
Alignment of deduced proteins. Partial amino acid sequences of the gene products of the thyX orthologues of B. burgdorferi, B. garinii, and B. hermsii as well as of the ThyX proteins of other selected organisms are shown in Fig. 7 . All the Borrelia sp. proteins have the ThyX motif of RHRX 7 S (positions 90 to 100 of B. hermsii ThyX) that is common to these proteins at their conserved amino-terminal domain (30, 35) . The gene products of B. hermsii and B. burgdorferi share the following residues in common with other ThyX orthologues (B. hermsii ThyX numbering): H65, E70, F76, R90, H91, R92, S100, Y103, E168, R171, L174, P175, L197, R198, E206, R208, A211, and P223 (29) . However, in the B. burgdorferi and B. garinii ThyX proteins, a cysteine residue substitutes for the conserved arginine at position 102 in B. hermsii ThyX, at position 86 in H. pylori ThyX (29) , and at comparable positions in the ThyX proteins of other organisms, including Treponema spp.
DISCUSSION
The thyX gene was first discovered in the eukaryote D. discoideum (15) , but the great majority of subsequent examples of thyX have been described for bacterial species or their viruses (30, 34) . For some of these species, the thyX gene product's function as a thymidylate synthase was demonstrated by genetic complementation and/or a biochemical assay (16, 22, 24, 25, 33, 35) , but in most cases the thyX orthologues in bacterial genomes were identified on the basis of sequence identity alone. The latter situation was the case for a thyX-like sequence in B. burgdorferi's genome (19) as well as for similar sequences identified in the genomes of T. pallidum (20) and T. denticola (51) . Using a B. burgdorferi genome array hybridized with DNA from B. hermsii, we obtained evidence that the RF agent has a thyX gene as well (54) . Further microarray experiments indicated that the thyX gene of B. burgdorferi and the putative thyX gene of B. hermsii were transcribed both in vitro and in vivo (37, 54) .
For the present study, we confirmed that B. hermsii has a thyX orthologue by identifying it in a genomic library and then sequencing the gene and ϳ13 kb of its flanking regions. As was the case for B. burgdorferi and B. garinii, the thyX gene of B. hermsii was carried on a plasmid, but in the RF species it was carried on the 180-kb linear plasmid instead of the 54-to 56-kb plasmids. The thyX gene is the first gene located so far on these large linear plasmids of B. hermsii and other RF species (18). Upstream of the B. hermsii thyX gene are three ORFs that are homologous to the PF44 genes, which are also located on the lp54 plasmid of B. burgdorferi. This is an indication that at least part of the 180-kb linear plasmid of RF species has a common lineage with the lp54-type plasmids of LB species. Unlike the B. burgdorferi thyX gene, which is the rightmost ORF on the linear plasmid, the B. hermsii thyX gene was flanked on its right by several other ORFs, none of which were similar to sequences in the B. burgdorferi or B. garinii genome (Fig. 1) . These additional genes included what may be an operon comprising the nrdI, nrdE, and nrdF genes. The nrdE and nrdF genes encode the large and small subunits, respectively, of ribonucleoside diphosphate reductase, an enzyme that catalyzes the de novo synthesis of deoxyribonucleotides required for DNA replication and repair (43) . The nrdI gene encodes a small protein that is also part of the enzyme complex (53) . On the basis of their deduced amino acid sequences, the NrdI, NrdE, and NrdF proteins of B. hermsii most closely resemble components of the class Ib ribonucleoside diphosphate reductase complex of bacteria (26) (27) (28) . To investigate the function of the nrdEF genes of B. hermsii, they were cloned in tandem and expressed in E. coli, but the transformant was not able to detectably complement a nrdAB mutation in the host strain (unpublished findings). The gene products of nrdAB and nrdEF are in two different classes of ribonucleoside diphosphate reductase enzymes with limited sequence similarity (28) , and it is possible that the B. hermsii proteins were not functional in the E. coli enzyme complex.
Using quantitative reverse transcriptase PCR assays with specific primers and probes for thyX and flaB, we confirmed our previous microarray result that the thyX gene of B. hermsii was expressed (54) . In the present study, this was shown during in vitro cultivation in both complete medium, which provides a source of purines and pyrimidines, and a more defined medium lacking purines and pyrimidines. The expression of thyX of B. hermsii may be constitutive: under both conditions, the relative level of expression of the B. hermsii thyX gene was about 1/50 that of flaB, which is a highly expressed gene that encodes a major structural protein of spirochetal flagella (54) .
Unlike the ribonucleoside diphosphate reductase complex, which may be dependent on proper interactions of the different subunits for full or even partial enzyme activity, the single polypeptide of ThyX appears to be sufficient for thymidylate synthase activity in complementation and in vitro assays in studies of other organisms (28) . Accordingly, we examined the activities of the recombinant ThyX proteins of B. burgdorferi and B. hermsii in providing complementation of a thyA mutant of E. coli and then in an in vitro assay of thymidylate synthase activity. Although the ThyA thymidylate synthase is not discernibly homologous to ThyX, recombinant ThyX proteins of H. pylori and C. jejuni complemented thyA mutations in E. coli in other studies (22, 35) . Here we showed that recombinant ThyX of B. hermsii had thymidylate synthase activity in both types of experiments. In contrast, recombinant ThyX of B. burgdorferi had very weak activity in the in vitro assay and was not capable of substituting for ThyA in an E. coli mutant.
Although B. burgdorferi ThyX appeared to be well expressed in E. coli, it is possible that the recombinant protein's lack of activity was attributable to misfolding or other posttranslational events that inexplicably did not affect the recombinant protein of B. hermsii under similar conditions. A more plausible explanation for the outcomes of the function experiments was found in the deduced amino acid sequence of the B. burgdorferi polypeptide. While the ThyX protein of B. burgdorferi, as well as that of B. garinii, has the motif RHRX 7 S that serves to define ThyX proteins (35) , there is a substitution of a cysteine for the highly conserved arginine at position 91 in the B. burgdorferi and B. garinii proteins (Fig. 7) . This arginine corresponds to an arginine at position 90 of Thermotoga maritima ThyX (33) and position 86 of H. pylori ThyX (29) . Crystallographic studies of the T. maritima ThyX protein suggest that hydrogen bonding occurs between this arginine and the dUMP substrate (33) . We propose that replacement of a charged side chain-containing amino acid with an uncharged (48) .
The nrdIEF genes were adjacent to the thyX gene on the 180-kb linear plasmid of B. hermsii, which suggests a common origin for these genes involved in pyrimidine metabolism. But we propose that the nrdIEF cluster, and perhaps other genes on the 180-kb plasmid, were acquired by a Borrelia ancestor at a time other than that of the acquisition of the thyX gene. The thyX genes of Borrelia spp. are in what may be a monophyletic cluster containing treponemes as well as some alpha-proteobacteria, notably some arthropod-borne species of Ehrlichia, Rickettsia, and Wolbachia (Fig. 3) . None of these other species, including T. pallidum and T. denticola, have discernible orthologues of the nrdE or nrdF gene in their genomes. On the other hand, the nrdEF genes of B. hermsii are in a monophyletic cluster with species and their bacteriophages of the Bacillales group of Firmicutes, most or all of which have thyA genes and not thyX genes providing thymidylate synthase function to the cells (Fig. 4) . Although the phylogenetic evidence of separate events for the acquisition of thyX and nrdIEF genes is compelling, we cannot at this time distinguish between selective acquisition by RF Borrelia spp. of the nrdIEF genes and selective loss of this operon by an ancestor of LB Borrelia spp. after the divergence of the RF group.
The serial propagation of Borrelia species outside their arthropod and vertebrate hosts requires a complex growth medium such as BSK, which is based on a tissue culture medium containing deoxyribonucleotides as well as amino acids and vitamins (3, 52) . Besides possessing a thyX gene, B. burgdorferi is known to have some genes that are capable of interconversion of pyrimidine and purine intermediates, such as uridine kinase (udk) (8) , cytidylate kinase (cmk), nucleoside diphosphate kinase (ndk), thymidylate kinase (tmk), and thymidine kinase (tdk) (1, 19, 20) . On the basis of the cross-species hybridization study of B. hermsii with a B. burgdorferi array, we concluded that B. hermsii has cmk, ndk, tmk, and tdk genes. From the results of the hybridization study, we could not detect the presence of a udk gene in B. hermsii using genomic DNA or cDNAs as probes, but evidence of a udk gene in the B. hermsii chromosome was found in its sequence (T. Schwan et al., unpublished data). Figure 8 summarizes partial pathways for dTTP and dCTP biosynthesis, as well as our inferences about the presence of the genes for these pathways in B. burgdorferi and B. hermsii. B. hermsii apparently has all the genes for these pathways, while B. burgdorferi, lacking nrdEF genes and a functional thyX gene, does not. The LB agents B. burgdorferi and B. garinii would be unable to convert UDP to dUDP and then dUMP to dTMP. While both groups of Borrelia pathogens presumably could use their thymidine kinases in a salvage pathway to convert thymidine provided by their arthropod and vertebrate hosts to dTMP, only B. hermsii, and possibly other RF species, appears to be fully capable of synthesizing pyrimidines de novo. These supplemental capabilities in B. hermsii may permit greater deoxynucleoside triphosphate synthesis when only low concentrations of precursors are present in a host and, consequently, higher peak densities in the blood. Although there may be additional or alternative explanations for the differences between RF and LB spirochetes in the burdens in the blood of their hosts, the greater capability of B. hermsii for pyrimidine and purine biosynthesis may be sufficient. 
